Introduction
Retinopathy of prematurity (ROP) remains a significant morbidity in extremely immature infants whose survival rate continues to increase [1] [2] [3] [4] . Traditional treatment for acute phase ROP has evolved from cryotherapy (cold probe applied externally to the sclera) in the 1980s to the current standard of light amplification by stimulated emission of radiation (LASER) therapy (LASER beam applied internally to the retina through the dilated pupil) beginning in the 1990s. Efforts to develop more effective, less destructive therapy for ROP persist because of undesirable visual outcomes and lasting side effects, despite appropriate LASER treatment. Anti-vascular endothelial growth factor (anti-VEGF) therapy is currently under investigation to fulfill this objective.
Retinopathy of prematurity classification
In 1984, the International Classification for Retinopathy of Prematurity was published to define ROP in terms of location [zones (I-III)], severity [stages (1) (2) (3) (4) (5) ], extent [clock hours (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) ], and vascular dilatation and tortuosity (plus disease). In 2005, this classification was revised to include aggressive posterior ROP (AP-ROP) (formerly called RUSH disease), pre-plus disease, and a practical way to estimate the extent of zone I clinically with the indirect ophthalmoscope [5, 6] . Plus disease became a requirement for treatment (except for stage 3 in zone I) and number of clock hours became less important. ROP stage 3 is pathologic new vessel formation between the vascular and avascular interface before retinal detachment occurs. ROP stage 4 is partial retinal detachment and ROP stage 5 is total retinal detachment due to the transformation of extensive overgrowth of abnormal new vessels into fibrotic tractional membranes in the vitreous. Because of the increased importance of plus disease, and the lack of agreement, even among experts, regarding the presence of plus disease, concern has developed that many infants are being treated with LASER unnecessarily. Thus, the latest efforts regarding classification center around a paradigm of plus disease [7] [8] [9] [10] [11] [12] .
Poor outcomes, especially in conventional zone I and posterior zone II cases, and also in AP-ROP cases, have prompted substantial efforts toward the development of telemedicine screening that is sensitive and specific [7] [8] [9] [10] [11] [13] [14] [15] [16] .
Pathogenesis of retinopathy of prematurity and neovascularization: vasculogenesis versus angiogenesis ROP is the leading cause of blindness in infants in the United States and other developed countries and an increasing cause of blindness in developing countries. Fortunately, its pathogenesis is well understood and described as a two-phase process [17] . Vasculogenesis is the formation of normal inner retinal vessels in utero in an environment of relative hypoxia with physiologic levels of vascular endothelial growth factor (VEGF). At the time of premature birth, the infant retina becomes hyperoxic (even in room air) with decreased levels of VEGF. For a period of time, vessel formation is halted at the interface between the vascular and avascular retina (Phase I, clinically 22-30 weeks postmenstrual age). As the eye grows, the avascular retina continues to increase in size without accompanying inner retinal vessels. This creates a peripheral area of hypoxic retina, resulting in increased levels of VEGF, which stimulates angiogenesis (pathological neovascularization) at the interface between the vascular and avascular retina (Phase II, clinically 31-45 weeks postmenstrual age). This twophase process leads to vision-threatening ROP most frequently in extremely immature infants with other comorbidities of prematurity (risk factors for ROP). In late Phase II and thereafter, VEGF becomes less important and intravitreal fibrosis with membrane formation and resultant retinal traction becomes the determinant of ROP outcome.
Multiple modulators of pathologic neovascularization
The two-phase process of pathologic neovascularization has been modulated in Phase I (postmenstrual age 22-30 weeks) by increasing v-3-(omega-3) polyunsaturated fatty acids (Omegaven) [18] , erythropoietin (Epogen) [19] [20] , insulin-like growth factor binding protein-3 (IGFBP3) [21] , and VEGF [22] . The emphasis is on regulating and simulating as much as possible the environment that would have occurred had the pregnancy not been interrupted by premature birth. All of these substances would have been provided by the mother in utero. In Phase II (postmenstrual age 31-45 weeks), erythropoietin administration should be halted and anti-VEGF drugs can be administered because erythropoietin and VEGF stimulate pathologic neovascularization. In contrast, v-3-polyunsaturated fatty acids and IGFBP3 supplementation can be maintained as these continue to be beneficial.
Complications and disadvantages of light amplification by stimulated emission of radiation therapy
Even early LASER therapy has significant acute complications including cataract formation, anterior segment and vitreous hemorrhage, iris adhesions to the lens, and increased and decreased intraocular pressure. With both cryotherapy and LASER therapy, the peripheral retina is ablated. Long-term complications, especially in ROP zone I cases, include a significant loss of peripheral vision, often with the development of strabismus with loss of binocular vision, and progression to severe nearsightedness. Studies that demonstrate a minimal effect of LASER on the visual field have been done on children who generally had ROP zone II [23] . Early treatment of ROP with LASER does not decrease the nearsightedness that occurs following conventional LASER for threshold ROP [24] . When treatment fails, with continued progression of ROP or recurrence of ROP despite appropriate timing and placement of LASER therapy, early or late retinal detachment with complete loss of vision may result. Additional disadvantages of LASER therapy are the need for anesthesia with intubation of infants for precise LASER treatment, requirement of dilation and steroid drops following LASER for acute inflammation created by LASER, and the continued progression of ROP for at least a week following LASER that results from VEGF already in the vitreous continuing to stimulate pathologic neovascularization. In the current era, more ROP cases occur in zone I of extremely immature infants. Strict cutaneous monitoring of oxygen (keeping oxygen saturation below 95%) has decreased the number of ROP zone II cases. Thus, there is an increased ratio of zone I to zone II cases.
Antivascular endothelial growth factor therapy
The fact that the endothelial cell is the target of VEGF makes it logical to consider intravitreal anti-VEGF therapy. Therapy for ROP is directed at treating the underlying pathogenesis by decreasing VEGF levels (specifically VEGF-A), either by completely ablating the peripheral avascular retina that produces the VEGF (LASER therapy) or by inactivating VEGF by binding it after its production (anti-VEGF therapy). Avastin (bevacizumab) is an anti-VEGF drug that binds VEGF-A, and is a complete antibody rather than an antibody fragment like Lucentis (ranibizumab). Because of its high molecular weight as a complete antibody, Avastin, of all of the current anti-VEGF drugs, has: i) less ability to penetrate into the retina, which could potentially affect normal retinal development, perhaps irreparably; and ii) less possibility of escaping from the eye, remaining trapped within the thick vitreous gel of the infant (in contrast to the watery vitreous of the adult). The relatively large molecular size of the Avastin antibody prevents to the greatest extent possible (with currently available anti-VEGF drugs) systemic complications (provided LASER has not breached the normal protective retinal barrier). Avastin is already in common use for adult ocular neovascular diseases, is readily available, and relatively inexpensive. However, there is reluctance to use this drug because of the possibility of ocular or systemic complications in neonates. Avastin is known to have extremely serious systemic complications when administered to terminally ill cancer patients by intravenous injection, repeatedly, in high doses. Fortunately, Avastin given to extremely immature infants by intravitreous injection as a single, low dose has not shown systemic or local toxicity. Current literature includes reports of multiple approaches utilizing anti-VEGF therapy (usually Avastin) at various stages in the course of ROP, with differing dosages, and in combination with LASER and/or vitrectomy or alone. There are multiple reports of using Avastin for ROP stage 3 simultaneously with or closely followed by LASER therapy [25 ,26 ,27 ]. LASER therapy is the current standard of care, and without sufficient evidence-based data there is an understandable reluctance to rely upon Avastin alone for treatment. However, this combination therapy introduces the complications of LASER therapy unnecessarily.
Combination of light amplification by stimulated emission of radiation and Avastin for retinopathy of prematurity stages 4 and 5
The current study using pan-VEGF blockade for the treatment of ROP (BLOCK-ROP: ClinicalTrials.gov Identifier: NCT 00702819) [28 ] , is a Phase I study. Its primary purpose is to determine the safety of a single injection of Avastin (0.75 mg) into the vitreous cavity. The study's secondary purpose is to evaluate the efficacy of this treatment for AP-ROP that has failed appropriate LASER ablation at a minimum of 1 week following LASER. A Phase II clinical trial to compare the safety and efficacy of Avastin versus standard vitrectomy (randomizing eyes of each infant) is planned if safety is established. Other cases have been reported which use Avastin at the same time or closely following LASER for stages 4 and 5 [27 ,29 ,30,31 ] . Unfortunately, the extent of fibrous membranes and retinal detachment that were present at the time of the injection of Avastin were inversely related to the success of this treatment combination. Avastin acts against angiogenesis, not against fibrosis, and does not prevent contraction of fibrous membranes. Thus, it reduces the angiogenic component in the vitreous of a detaching retina and can be helpful in performing a vitrectomy by limiting extensive hemorrhage from these fragile intravitreal pathologic vessels. However, it can accelerate the contraction of fibrous membranes with resultant worsening of retinal detachment [31 ] .
Avastin alone for retinopathy of prematurity stage 3
The BEAT-ROP study (bevacizumab eliminates the angiogenic threat of ROP: ClinicalTrials.gov Identifier: NCT 00622726) [32 ] is a Phase II study (intravitreal bevacizumab injections versus conventional LASER surgery for ROP). The study's primary purpose is to determine the safety and efficacy of Avastin as a single injection (0.625 mg) into the vitreous cavity versus standard LASER therapy (randomizing both eyes of every infant into either the Avastin or the LASER-treated group) with the end point being the development of a primary recurrence of ROP at a minimum of 1 week. The study's secondary purpose is to evaluate the long-term visual acuity, visual field, binocular vision, refraction, and any other appropriate parameters (visual evoked potentials, electroretinogram, fluorescein angiography, foveal optical coherence tomography, etc.). This study is enrolling zone I and posterior zone II cases (including some cases of AP-ROP). The majority of infants with zone I and AP-ROP cases have had moderate to severe intraventricular hemorrhage or periventricular leukomalacia which complicates the evaluation of visual function or central nervous system development. Posterior zone II cases usually occur in larger infants with fewer comorbidities. This design provides an opportunity to compare a population that has received Avastin with a population that has not received Avastin. This will allow evaluation of the visual system and the central nervous system, as well as other organ systems that are undeveloped at the time of administration of intravitreal Avastin. Currently, published reports in neonates include only the plasma levels of VEGF during the development of ROP [22, 33] , and the vitreous levels of VEGF in ROP stage 4 [30] . To date, serum levels following intravitreal Avastin injection have not been determined in neonates. Avastin levels in serum and in the vitreous of the fellow eye have been determined only in animal models and adults [34, 35] .
Avastin has been shown in a small case series to temporarily slow vasculogenesis and permanently halt angiogenesis, usually with a single intravitreal injection, when used for vision-threatening ROP stage 3 (acute phase ROP including AP-ROP) [36 ] . Eventually, intravitreal pathological neovascularization disappears, leaving only scant fibrous remnants, and normal inner retinal vascularization proceeds toward the ora serrata. The continued vascularization of the peripheral retina is demonstrated by fluorescein angiography (Fig. 1) . Myopia (nearsightedness) is rare. In contrast, the permanent effects of ablation of the peripheral retina have been demonstrated by fluorescein angiography (Fig. 2) . Severe myopia often develops. Thus far, Avastin is so effective that it expands the window of treatment, which has been diminished by the current recommendations of early treatment for ROP, and allows telemedicine to be more successful. Avastin also makes it less critical to determine when enough plus disease is present to justify performing ablative LASER therapy to the peripheral retina.
Avastin alone for retinopathy of prematurity stages 4 and 5
Unfortunately, in ROP stages 4 and 5, whereas the drug inhibits angiogenesis, it has no beneficial effect on fibrous membranes and may trigger contraction of these membranes and accelerate retinal detachment [37 ] . Thus, it is important to use Avastin before ROP stages 4 and 5 or its benefits will be considerably diminshed. ]. Avastin will not prevent the development of complete retinal detachment when diminished visualization of the retina conceals ROP stages 4 and 5. Even though Avastin may decrease the angiogenic (neovascular) component of the disease, the fibrotic (membranous) component of the disease will rapidly advance and make successful vitrectomy unlikely.
Possible complications of Avastin intravitreal injections
The most likely local complications of Avastin injections are infectious and traumatic. Infections can be avoided by strict sterile technique followed by 1 week of appropriate antibiotic ophthalmic drops. Trauma may occur to the lens because the injection is given too anteriorly. It is preferable to inject through the anterior, undifferentiated, neuroblastic retina, rather than to cause a cataract by contact with the lens, which is extremely large in very immature eyes. Another local concern is that retinal development will be adversely affected. In fact, immunohistopathology on a pair of preterm infant eyes that Antivascular endothelial growth factor for retinopathy of prematurity Mintz-Hittner and Best 185
Figure 1 Photographs of Avastin treatment for retinopathy of prematurity
Intravitreal Avastin for Zone I ROP on an infant who was 550 g and 24 weeks gestational age at birth: (a) Pre-Avastin -2.5 months of age (photo); b) Post-Avastin -15 months of age (photo); c) Post-Avastin -15 months of age (fluorescein angiogram). Narrow black arrows mark corresponding points along retinal vessels; broad black arrows mark the vascular-avascular interface at the time of initial treatment; red arrows mark the extent of continued retinal vascularization with underlying viable retina and no myopia.
were harvested 20 weeks following bilateral intravitreal Avastin injections demonstrated no abnormalities of ocular development [40 ] . All layers of the retina had developed normally to the ora serrata and inner retinal vessels had advanced well beyond the vascular and avascular interface at the time of the Avastin injections. These findings were especially impressive because the infant was extremely immature (350 g birth weight; 22 weeks gestational age), and thus had a vulnerable, undifferentiated retina.
Systemic complications are always feared in the preterm neonate. No systemic complications have been encountered to date whether Avastin is given alone, or in combination with LASER surgery (when the retinal barrier has been breached). Long-term systemic complications are considered unlikely following the single injection of a small quantity of a large whole antibody into the vitreous cavity, which is sequestered when LASER therapy has not been performed.
Conclusion
Avastin alone for ROP stage 3 may become not just an adjunct to LASER therapy or vitrectomy, but primary treatment replacing LASER therapy as standard of care if efficacy and safety are validated by evidence-based data. LASER eventually may be contraindicated because it is a very destructive therapy that is never completely without residual effects and targets the same pathogenic substance: VEGF. ROP stages 4 and 5 will continue to occur due to late diagnosis of acute disease from less than adequately screened nurseries, and in these desperate cases vitrectomy will be required, perhaps with Avastin as an adjunctive therapy. This article reports three cases, of which two cases were treated with Avastin injections in one eye because LASER treatment could not be utilized in these eyes due to anterior segment involvement and one case was treated with Avastin injection in one eye that had failed LASER therapy twice.
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Lalwani G, Berrocal A, Murray T, et al. Off-Label use of intravitreal bevacizumab (Avastin) for salvage treatment in progressive threshold retinopathy of prematurity. Retina 2008; 28:S13-S18. This paper reports three cases, which had progressive ROP despite LASER therapy, with Avastin injected in five of the six eyes. This salvage therapy was not uniformly successful and suggests that anti-VEGF agents used earlier could avoid the need for LASER therapy entirely. 
